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Abstract 
Technology to aid the acquisition and performance of motor skills is becoming increasingly commonplace however there is distinct 
disconnect between these technological interventions and a detailed understanding of how to design technology to best instruct a 
learner. Using a single inertial sensor with bespoke concurrent visual feedback, based in a MATLAB data visualisation 
environment, this paper presents a skill acquisition framework to facilitate home based physiotherapy interventions. When athletes 
and patients are prescribed at home based physiotherapy interventions the current literature reports low rates of adherence. In 
addition the lack of monitoring and exercise classification raises concerns towards the quality of rehabilitation program outcomes. 
A trial was conducted randomly assigning twenty two uninjured participants to two categories, one with the aid of the rehabilitation 
software and the other a control group with no feedback. Both groups received the same visual instructions on the three simple leg 
static stretching tasks that are indicative of lower limb injury physiotherapy interventions. The results showed statically significant 
improvements in both the program adherence as well as the error mitigation of the feedback group in comparison to the control. 
Substantiating the skill acquisition framework errors for the feedback group seemed to lessen over time synonymous with an 
immediate learning effect as a result of the concurrent feedback. The findings suggest that at home physiotherapy interventions 
could be enhanced by using a concurrent biofeedback skill acquisition based single inertial sensor system. Evidently improving 
adherence, technique and allowing for the data to be accrued over time and relayed to practitioners and coaching staff ultimately 
giving them heightened confidence in monitoring physiotherapy progress. The wider implications means this research could be 
useful in tracking and providing feedback for a range of sports injury circumstances to ultimately improve the outcomes of the 
physiotherapy interventions.  
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1. Introduction 
 
Loss of time due to injury is a major problem amongst athlete populations and across wider society [1]. Physiotherapy 
interventions are one common approach whereby exercises are prescribed to aid and facilitate the rehabilitation process initially in 
clinical environments under the supervision of a physician followed by home based exercise programs. Instructions for these 
exercises are generally take the form of written instructions, verbal instructions or in video form to ensure the exercises are carried 
out appropriately and the program is adhered to.  
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-revie  under responsibility of the organizing co mittee of ISEA 2016
633 Jonathan B. Shepherd et al. /  Procedia Engineering  147 ( 2016 )  632 – 636 
 
Adherence defined by Bassett  is “the extent to which the patients undertake the clinic-based and home-based prescribed 
components of their physiotherapy programme” [2] it also implicates “active voluntary involvement” [2]. Patient adherence to 
physiotherapy interventions is “increasing recognised as an essential component of injury rehabilitation”[3]. Monitoring adherence 
is also of concern as it is commonly reliant on patients self-reporting. This is done in conjunction with physician observations and 
utilises a standardised sport injury rehabilitation adherence scale (SIRAS) [2-3] used to numerically quantify adherence rates. Poor 
adherence rates for home based exercise programs have been reported to be a problem with Basset [2] reporting rates of up to 65% 
either non-adherent or partially adherent to home physiotherapy programs. The current home based exercise prescription also lacks 
augmented feedback so any errors in technique cannot be rectified. One way of monitoring adherence and providing feedback is 
through the use of biofeedback technologies.  
 
Biofeedback has been used as a rehabilitation tool for over 40 years to facilitate normal movement patterns after injury [4]. It 
encompasses the provision of intrinsic information to allow the learner to develop control strategies. One effective way of real time 
monitoring of biomechanics and human movement is through the use of inertial sensors. The use of inertial sensors as a biofeedback 
mechanism for lower limb rehabilitation has been substantiated by a study by Giggins et al. [5-6]. Finding “inertial sensors are 
capable of classifying between the analysed exercises with a high level of accuracy… these findings therefore prompt the 
development of a simple biofeedback  system using a single inertial sensor for  use in rehabilitation to monitor adherence to exercise  
programs in the home”[6]. A single sensor was shown to accurately classify seven different exercises with an accuracy of between 
93-95% [7]. Due to the ubiquitous nature of inertial sensors the use as a biofeedback platform for rehabilitation is cost effective 
and has a wide reach with many people interacting with inertial sensors through the use of smartphones on a daily basis. Rowlands 
et al. [1] validated and verified the functional correctness of using smart phone inertial sensors for rehabilitation exercise 
classification but stated “work remains to be done on addressing the human factors which interface with the technologies”.  
 
It is widely accepted that correct augmented feedback by an expert or technological display enhances motor learning [8]. The 
term ‘correct’ is the most important factor and when designing technology to facilitate performance and to optimise feedback it 
must be done from a motor skill acquisition perspective. By context, rehabilitation doesn’t elicit the need for long term learning, 
rather the most correct performance of the exercise at each instance. “In general, concurrent feedback can enhance performance in 
the acquisition phase, but the performance gains are lost in the retention tests.”[8] The rationale for this is that learners are focused 
away from intrinsic feedback and develop a dependency for augmented feedback. This is commonly termed the guidance 
hypothesis. Put simply when “permanent feedback during acquisition leads to a dependence” [8] however for goals where learning 
isn’t desired, for instance in a rehabilitation context, this feedback strategy is advantageous as long term retention isn’t required.   
 
The scheduling of feedback is also important for optimal performance Wulf et al. [9] determined that frequent and immediate 
feedback is best practice for immediate performance benefits. Shea and Morgan [10] in their study into contextual inference 
uncovered that learning is best achieved with random practice however blocked practice is better for immediate performance. 
Furthermore blocked practice also has the benefit of learning motivation and confidence in ability [11]. The theory of optimal 
motor control whereby the provision of information regarding task-irrelevant errors or variability coming from sensory-motor noise 
is also understood to maximise performance [8].  
 
2. Methodology 
22 subjects were selected for participation in the trial. Contraindications of participating in the trial was any prior injury to the 
lower limb which resulted in surgery or any current lower body range of motion issues. This mitigated against the risk of injury. 
The subjects were split into two groups, a control group having no biofeedback (n=11) and a group that will received biofeedback 
during the experiment (n=11). The research was conducted under Griffith University Ethics (GU Ref No: ENG/07/15/HREC).  
All participants were given an inertial sensor package, SABELSense [12] and instructed to place it above the patella, and 
position themselves in a standing position two meters in front of a television screen. As a familiarisation task participants were 
asked to perform one correct knee lift, one straight leg raise and one leg abduction holding the manoeuvre statically for three 
seconds. Using the bespoke feedback software the experimental supervisor provided immediate knowledge of results. If the 
participant had incorrectly performed the task they were asked to perform the task again until correct and if deemed necessary by 
the experimental supervisor was given the minimum amount of feedback in order to correctly perform the exercise. 
Participants then watched an instructional video outlying the required three exercises with full and correct technique. Exercises 
were performed in a blocked nature to facilitate performance [10] therefore participants were instructed to perform ten repetitions 
of each exercise before moving to the next exercise. The group with biofeedback had the aid of bespoke software with the other 
group having no feedback from the sensor. All participants’ movements were digitally recorded on a spreadsheet by the 
experimental supervisor documenting attempts and accuracy from the real time software as well as a fixed video camera located 
behind them. 
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Bespoke concurrent visual feedback, based in a MATLAB data visualisation environment was created to interface with the 
SABELSense inertial sensor package sampling at 100Hz. The software provided feedback at all times therefore meeting the criteria 
for both frequency and immediacy outlined by Wulf et al. [9]. The flow diagram of the sensor-software interaction is shown in 
figure 1. The graphical user interface for the software can be seen in below in figure 2. 
 
Fig. 1 Overall flow diagram of software 
 
Fig. 2. Software Screenshots. (a). Standing position is detected ready for movement to begin, (b). Timing lights for a correct repetition, (c). Orange light 
indicative that timing criteria hasn’t been met, (d). Error light indicating a dangerous position 
In keeping with the theory of optimal motor control feedback was minimised to status lights with a message, movement timing 
lights and a counter. The status light messages were as follows. Green: Correct starting position. Ready to commence movement, 
Yellow: Haven’t held movement long enough, Red: Danger: Slowly return to standing. The aforementioned red light errors where 
flagged when the knee was lifted above the line of the hip, the leg adducted past the midline of the body, or when the movement 
was performed too fast. These warnings were chosen due to mitigate against injury. The traffic light colour system was chosen due 
to its commonality as well-known visual naturalising the user interface.  
To validate the bespoke software a twelve camera OptiTrack motion capture system running Motive software was used in 
conjunction with a 19 marker Helen Hayes Lower Body marker set and the internal sensor was set as a rigid body. Time was 
manually synced and the angle of the sensor on the software was found to closely represent the angle of the rigid body produced 
by the motion capture software.  
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3. Results 
The group with feedback made significantly less errors with an average error per programme of 4.4 ± 2.96 compared with the 
no-feedback group making 13.4 ± 5.27 errors per programme.  The adherence to the program and the location percentage of error 
is graphically shown in figure 3a. Figure 3b depicts a case study of two knee raise trials one participant with feedback and without 
the feedback.  
 
 
Fig. 3 (a) Summary of adherence and error location. (b) A single trial comparison of knee lifting trial for both groups with the 
dotted red line indicative of the two second minimum threshold. 
4. Discussion  
The biofeedback group scored 100% adherence to the program for each of the participants. This result was expected as a score 
was visually presented on the screen to the participants and under trial conditions there is enhanced motivation to ensure 
completion. The familiarisation task and video instructions was aimed to mitigate against this gap affording the non-biofeedback 
group equal opportunity to gain 100% adherence however the adherence was recorded at 60 ± 19.1%. The average number of the 
errors made was also significantly different between the groups with the no feedback group averaging more than three times the 
error count. The timing of the errors also was of interest in showing adaptations to the software. The group with feedback made 
their errors in the 1st half of the trial averaging 87% of the errors in the first half whereas the no feedback group had a much more 
random split of errors averaging 45 ± 10.1% in the 1st half and 55± 10.0% in the second. This results was expected as the no 
feedback group had no knowledge of results therefore no differences should be seen between the 1st 5 repetitions and the last 5. 
Additionally it shows a learning effect from the software. 
 
The largest cause of error was holding the movement for the required time. To mitigate this participants were asked to hold the 
stretch for 3 seconds however a correct repetition was set to be over a two second threshold. Additional aids of the video instruction 
and having to hold the position in the familiarisation test for the correct time was designed to ensure participants would hold the 
stretch for long enough however participants significantly and continually underestimated the length of time during the trial. Figure 
4b is a great example of this. The participant with no feedback scored 0/10 for the knee lift section of the trial as the timing 
requirement was not met. Contrast this with the participant with feedback they consistently held the stretch in the correct position 
for the required amount of time meaning they scored 10/10 for this section.  
 
5. Conclusion 
This paper substantiates that a single inertial sensor based biofeedback system can be used to enhance rehabilitation outcomes. 
It was found that the biofeedback system can dramatically improve adherence and also improve technique evident in the reduction 
of errors. The added benefit with this type of system implementation means data can be assessed by appropriate health care 
professionals adding a layer of certainty to how the patient is recovering in regards to their exercise program and affording them 
greater control over recovery optimisation. Finally due to the ubiquitous low cost nature of inertial sensors a wide reaching solution 
for example in the form of a mobile phone application could be adopted allowing for the monitoring of rehabilitation programs 
with little start-up costs to the client. 
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